Diapause is a physiological state of arrested development which enables an organism to survive more easily a period of unfavorable conditions. Once an organism has entered diapause it usually has to remain in that state for a certain period, regardless of the conditions of the environment. In some species diapause is broken by exposure to particular conditions, notably cold. A few species may remain in diapause more than one year.
Diapause is a physiological state of arrested development which enables an organism to survive more easily a period of unfavorable conditions. Once an organism has entered diapause it usually has to remain in that state for a certain period, regardless of the conditions of the environment. In some species diapause is broken by exposure to particular conditions, notably cold. A few species may remain in diapause more than one year.
The term "diapause" was first used by Wheeler (1893) to specify a stage in the embryonic development of Conacephalms. Henneguy (1904) extended the term by applying it to the state of arrested development occurring in the eggs of Bombyx and in the larvae of Liparis. It has since been further extended to cover similar phenomena occurring at any stage of the life cycle of an organism.
Insects in diapause are characterized by a low metabolic rate, greatly diminished activity, practical cessation of development, and an increased ability to survive unfavorable environmental conditions. Many theories have been advanced to account for the initiation of diapause, since is obviously is not always induced directly by the onset of the unfavorable conditions themselves. In many cases diapause that will serve to carry an organism through the winter starts long before that season begins.
This paper deals chiefly with the factors controlling the induction of diapause in the oriental fruit moth, Grapholitha molesta (Busck). These factors are temperature and photoperiod, which operate during the larval feeding period. Some data on the induction of diapause in the codling moth, Carpocapsa pomonella (L.), the greenbottle fly, Ludlia sericata Meig., and the vegetable weevil, Listroderes obliquus Klug, are also presented.
REVIEW OF LITERATURE
Published work on diapause and related phenomena in insects is extensive. This writer does not intend to review all the work, but attempts, rather, to organize and classify the results reported, particularly on the basis of the factors reported as inducing diapause. Reference will be made to various publications illustrating the points made. For more complete bibliographies the reader is referred to Uvarov (1931) , Wigglesworth (1939) , Prebble (1941) , and Bonnemaison (1945) .
512
Annals Entomological Society of America [Vol. XLII, Developmental Fatigue.- The first investigator to advance the theory that diapause might be caused by a developmental fatigue brought about by the accumulation of waste products in the body appears to have been Sajo (1896) , who was working with the chrysomelid Entomoscelis adonidis Fall. This idea was developed by Robaud (1922) , who worked with various species of flies, particularly with Ludlia sericata Meig. He postulated that this developmental fatigue is an autointoxication caused by the accumulation of metabolic wastes which build up faster than they are eliminated during active growth, so that a period of rest (diapause) is needed to allow elimination to catch up. He also believed that this developmental fatigue is inherited and continues to build up during the several summer generations. This work has been rather well discredited by Cousin (1932) , who showed that hibernation in Ludlia is caused by environmental factors.
Diapause Factor or Hormone. -Bodine (1932) studied diapause in the eggs of Melanoplus diferentialis (Thos.) and advanced the theory that there is a diapause factor (X factor) present in the diapause-type eggs of that species at the time that they are laid. If these eggs are held at comparatively high temperatures, the amount or potency of the diapause factor increases until it passes a threshold at the "threeweeks" stage and stops embryonic development. The diapause factor is gradually dissipated after this point and eventually allows development to resume. Exposure to low temperature at any time, either before or after the "three-weeks" stage, rapidly destroys the diapause factor, and development resumes as soon as the temperature is raised. Andrewartha (1943) , working with the eggs of another grasshopper, Austroicetes cruciata Sauss., offered another explanation. He believed that the arrest of embryonic development is caused by an unfavorable condition of the yolk, which is corrected by exposure to cold. Salt (1947) , working with Cephus cinctus Nort., has further developed Bodine's theory. He postulates that diapause in this species is controlled not only by an X factor similar to that envisioned by Bodine, but also by a Y factor, which breaks down more slowly than does the X factor but at a constant rate, regardless of temperature. He was able to reinstate diapause by exposure to very high temperatures at any time before the Y factor was eliminated. One might suggest that the Y factor could be the material from which the X factor is formed.
The evidence indicates that a hormone or diapause factor is often present to control diapause, but, as we shall see below, many things may induce its formation.
Inheritance of Behavior Patterns in Diapause.-The development and behavior patterns in regard to diapause are inherited as are all other similar patterns. There are many insect species which have but one generation per year, with a considerable part of each year spent in diapause. In these species it may well be that each individual must enter diapause, the adjustment to the seasons occurring at the time the insect resumes development rather than at the time it enters diapause. An example of this is found in Porthetria dispar (L.), which has but one generation per year, remaining in the egg stage from July until the following spring. Goldschmidt (1933) of this species. Those races that live where the winters are mild require many more hour-degrees of heat to cause the eggs to hatch than do those that experience severe winters. Andrewartha (1943) found that the eggs of the one-generation grasshopper Austroicetes cruciata Sauss. always enter diapause, the embryo developing very slowly through the hot season so that when cold weather appears the egg is in such a condition that low temperature soon breaks the diapause. A few insect species are known in which there are both singlegeneration strains (univoltine or monovoltine) and multiple-generation strains (multivoltine or polyvoltine). One of these is the silkworm, Bombyx mori L., in which the diapause occurs in the egg. The univoltine strains of the silkworm have but one generation annually, and the diapause occurs in every generation. Multivoltine strains have two to several generations annually: eggs laid in the summer hatch in a short time; those laid in the fall enter diapause. The inheritance of voltinism in the silkworm is somewhat complex, there being some evidence for somatic inheritance from the mother. It is reported by Uyema (1926) that if the ovaries from an individual of one race are transplanted to an individual of another race during the larval stage the eggs produced show the voltinism of the moth in which they are grown rather than that of their true ancestors. The likelihood that a given batch of eggs will enter diapause is also influenced by the temperature at which the eggs and larvae of the preceding generation were held.
In the case of Pyrausta nubilalis (Hbn.), a species which enters diapause as full-fed larvae, it is well known that some areas are occupied by one-generation strains and others by two-generation strains. Babcock (1924) reported that when specimens of the one-generation strain were transferred to an area occupied by the two-generation strain, and vice versa, they persisted in retaining the same seasonal histories that they had shown in their original environments. Arbuthnot (1944) found that in Connecticut the population is homozygous for multiple generations, while in Ohio it is mixed, containing factors for both single and multiple generations. He was able to isolate a homozygous single-generation strain from Ohio population, and found that the genetic factors responsible for the single generation are recessive. O' Kane and Lowry (1927) , working with this insect in New Hampshire, showed that although the population was homozygous for multiple generations, only a part of them actually went through two generations per year, the rest having but one. All the larvae from the first eggs of the season pupated that same summer and produced a second generation, while larvae from eggs that hatched after a certain date, usually about July 20 to 25, entered diapause and so had only one annual generation. Apparently, environmental factors are involved in the induction of diapause in this species, at least in the multiple-generation strain.
Prebble (1941) found that some strains of the European spruce sawfly, Diprion hercyniae (Htg.) entered diapause more readily than other strains.
Effect of Temperature on the Induction of Diapause.-Most insects
living in temperate or frigid climate undergo an arrest of development during the winter. If this is caused directly by the low temperature and is brought to an end whenever the temperature again rises, it is called "quiescence" and is not diapause. Some instances have been reported, however, in which low temperature induces diapause. Dawson (1931) was able to induce pupal diapause in Telea polyphemus (Cramer) by subjecting the last larval stadium to declining temperatures. Ditman, Weiland, and Guill (1940) reported that diapause during the pupal period of the corn earworm, Heliothis armigera (Hbn.), is induced by low temperature during the larval feeding period. Prebble (1941) found that diapause in emergent (polyvoltine) stocks of Diprion hercyniae (Htg.) is determined environmentally, and showed that, at least under certain conditions, larval feeding at low temperatures favors entry into diapause as full-fed larvae.
Food and Water.-Food and water are closely related in insect economy since most of the water taken by insects is taken in the food. Strelnikov (1936) reported that when Loxostege sticticalis (L.) was fed on plants having a high moisture content no diapause was induced, but when the moisture content of the plants was low the insects entered diapause. He stated that in this species diapause is induced under natural conditions by insufficiently moist food, by low temperature, and by food having increased nutritive value. Squire (1940) reported that diapause of the full-fed larvae of the pink bollworm, Pectinophora gossypiella (Saund.), is independent of the season and depends on the moisture content of the seeds in which they feed. If the seeds are comparatively mature, the larvae enter diapause, but if the seeds are immature and moist, they do not. Diapause in this species is closely related to changes in the host plant, and only indirectly to climatic changes. Van der Goot (1925) reported that the white rice-borer, Scirpophaga innotata Wlk., enters diapause when the larvae feed in maturing rice plants. Once in diapause they remain for at least four and one-half months, and resume development in response to the first showers of the rainy season.
Photoperiod.-The earlier reports of the effect of the length of the photoperiod on diapause in insects concern aphids, in which the situation is complex. Aphids reproduce parthenogenetically throughout the summer, only females being produced. In the fall oviparous females and males are produced, also by parthenogenesis; they mate, and the females produce the eggs, which enter diapause and thus enable the species to pass the winter. Marcovitch (1924) found that Aphis forbesi Weed and three other species of aphids produced males and oviparous females when the days were artificially shortened to 73^ hours. Davidson (1929) reported similar results. Wadley (1931) found that, in the production of sexuals in Toxoptera graminum (Rond.), the temperature has some influence, but that the principal factor is the photoperiod, which acts either on the mother or on the individual before birth. Baker (1935) found that he could break the diapause in young larvae of the treehole mosquitoes Orthopodomyia signifera Coq. and Anopheles barberi Coq. by using six hours of artificial light to prolong winter days. Dickson and Sanders (1945) reported that they could control the induction of diapause in Grapholitha molesta (Busck) by regulating temperature and photoperiod during the larval feeding period.
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All experiments were conducted in insulated cabinets in which constant temperatures and humidities were maintained. The illumination used was entirely artificial, and its intensity was controlled.
Larvae of the oriental fruit moth and of the codling moth were grown in small, immature apples, which were held in cold storage until needed. The full-fed larvae were collected each morning as they emerged and allowed to spin in strips of a celluloid device made in imitation of corrugated paper.
Larvae of the greenbottle fly, Lucilia sericata, were grown in fish heads or rabbit heads, and the full-fed larvae were allowed to crawl into damp sand. Larvae and puparia were sieved from the sand for observation.
Vegetable-weevil larvae were grown on wild mustard in battery jars. The adults were allowed to gather under trash in the bottom of these same containers.
The constant-temperature cabinets held the temperature reasonably well, the maximum variation amounting to about one degree Centigrade. The temperature recorded in this paper as 24° C. represents a temperature which varied from 24° C. to 25° C, but which was usually near 24°. The intensity of illumination used in most of the experiments is recorded as 26 f. c. (foot-candles). This represents a mean of the intensity of illumination, which varied above and below 26 f. c, depending on the age of the bulb, the cleanliness of the glass window, and the location of the growing insects in the cabinets. A tungsten-filament lamp was used in all experiments except those in which the use of another light source is noted. Illumination was measured by a General Electric photometer, a barrier-layer type, DW-47. The light intensity recorded represents the light intensity reaching the top surface of the fruit in which the larvae were feeding.
Certain data are presented in more than one table in order to facilitate comparisons.
EXPERIMENTAL RESULTS
The oriental fruit moth Behavior under Natural Conditions.-The oriental fruit moth, Grapholiiha molesta (Busck), feeds in the twigs and fruit of several rosaceous plants, its favorite host being the peach. There are from two to seven generations annually, the number depending on the locality. The insect passes through the several spring and summer generations without entering diapause. Beginning in the late summer or early fall, an increasing proportion of the emerged, full-fed larvae enter diapause and do not pupate until spring. It has been advantageous to this species to develop the habit of entering diapause while the weather is still warm, for if the insects remained active until the onset of cold weather the population would be greatly reduced by the scarcity of suitable food. As will be shown in this paper, the proper timing has been achieved by the use of the shortened length of day in the late summer as a stimulus to enter diapause.
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A typical record of the onset of diapause in the fall is shown in Table I 
Dickson: Diapause in Oriental Fruit Moth
517
in this table pupated a few days after emergence; all those that emerged later, entered diapause. The temperature when diapause first appeared was almost as warm as that of midsummer. The type of food on which the larvae were fed appears to have had no effect on their entry into diapause.
Effect of Hours of Light per Day at Medium Temperatures.-Experi-
mental data show that at medium temperatures the proportion of larvae entering diapause is determined by the number of hours of light per day to which they are exposed during the larval feeding period. (Table II ). In figure 2 some of the data from Table II are shown in graphic form. When grown in total darkness or total light, very few of the larvae enter diapause. This indicates that basically the larvae tend to pupate without entering into a state of diapause. The fact that a few of the larvae do enter diapause when grown without any photoperiod indicates that there is also present an inherent tendency to enter diapause. As the daily photoperiod is increased, the proportion of the larvae entering diapause increases until the hours of light per day number about 12. As the photoperiod is increased to more than 13 hours of light per day, the percentage of larvae entering diapause drops very sharply to practically zero, and this almost total absence of diapause is maintained as the photoperiod is increased beyond 14 hours per day. This response to the number of hours of light per day explains the behavior in the field very well, particularly when the studies on the minimum effective intensity of illumination (see p. 523) are considered. The influence of the photoperiod on entrance into diapause is dominant at medium temperatures, but when the larvae are grown at high or low temperatures it loses most of its effect (Table III) . Almost 100 per cent of the larvae grown at medium temperatures (21°, 24°, and 26° C), with 12 hours illumination per day, entered diapause; but neither those grown at 12° C. nor those grown at 30° C, exposed to the same photoperiod, entered diapause in appreciable numbers. The absence of diapause in oriental fruit moth larvae grown at low temperatures may be an advantage to the species, since belated individuals feeding during the cold of winter do not enter diapause and thus are not unduly delayed in their spring emergence. Larvae grown at low temperatures show a sensitivity to low temperatures in inducing a delay in pupation (see section on '' Temperature During the Prepupal Period")-
The lack of sensitivity to photoperiod at high temperatures may be a disadvantage to the species in certain localities, since it may unduly 
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In natural surroundings the oriental fruit moth is seldom exposed to constant temperatures, the temperature being considerably lower at night than during the day. It was not possible to make a series of tests under such conditions, but in one test a night temperature well below the threshold of development was used. The results of this test are shown in Table IV . Evidently, the low temperature during the period of darkness tended to induce diapause, even though it was low enough to stop all development.
Increasing, Decreasing, and Constant Photoperiods.-Experiments were conducted to determine the effect of small increases or decreases in the photoperiod each day, in comparison with a constant photoperiod, on the percentages of larvae entering diapause. The results (Table V) showed that it is the actual length of the photoperiod rather than its increase or decrease that affects the larvae. Cumulative Effect of the Photoperiod.-An experiment was conducted to determine whether the photoperiod is operative during all or only part of the larval feeding period. Results (Table VI) showed that practically no diapause was induced unless the larvae were exposed to a diapause-inducing photoperiod in the early part of their feeding period, but that such a photoperiod had some effect if applied any time during the feeding period. Although there does not appear to be an actually critical point, the early part of the period is more critical than any other part.
The Color of the Light.-Experiments were conducted to determine which wavelengths of light are most capable of affecting the induction of diapause in this species. Oriental fruit moth larvae were exposed, during their feeding period, to 12 hours' illumination per day with light which had been filtered through various glass filters. The source of illumination was a 200-watt, gas-filled tungsten filament lamp, except in the experiments with ultraviolet light, in which a mercury vapor lamp was used, and with infrared light, in which a heater cone was used. Results of these experiments are shown in Table VII . Neither the ultraviolet light nor the infrared was effective in inducing diapause. Of the visible light, the shorter wavelengths were more effective than the longer. The "lantern red" filter, which cut off all light having wavelengths shorter than 6,000 A, in the yellow orange, induced diapause in only about one-fifth of the larvae, and even the light passed through the "traffic-shade yellow" filter was less effective in inducing diapause than was light containing the blue end of the spectrum.
Intensity of Illumination.-It was considered important to discover the lower limit of intensity at which illumination is effective in inducing diapause, so that the length of the photo-periodically effective twilight might be estimated. As pointed out by Greulach (1942) , the total photoperiodically effective daylight is longer than the time between sunrise and sunset. He found that, in Ohio in the summer, the total (morning and evening) photoperiodically effective twilight ranges from 20 minutes to one hour, the variation depending on the amount of cloudiness. He used 1 f. c. as a base, since light is effective on plants down to about 1 f. c.
The results of experiments to determine the minimum effective intensity of illumination on larvae of the oriental fruit moth are shown in Table VIII . Illumination having an intensity of 3 f. c. was effective in controlling the onset of diapause, but that of 1 f. c. was not. This means that, for the oriental fruit moth, the photoperiodically effective length of the day is almost as long as that found by Greulach for plants. On a clear summer evening in southern California it takes only about two minutes for the intensity of illumination to sink from 3 f. c. to 1 f. c.
The inclusion of the morning and evening twilight periods in the length of the day makes the experimentally demonstrated effect of the photopenod correspond very well with the response of the oriental fruit moth to natural illumination throughout the season.
Mode of Action of the Photoperiod.-Series of experiments were conducted in an attempt to discover how the photoperiod operates in governing the induction of diapause. When a day length of 24 hours is used, periods of illumination of approximately 12 hours per day induce a high percentage of diapause. With these photoperiods the ratio of light to darkness is at or near one to one. Experiments were therefore conducted using various "day" lengths in which the ratio of hours of light to hours of darkness was kept at one to one. Results are shown in Table IX .
It is apparent from these results that the ratio of hours of light to hours of darkness is not enough to explain the method of operation of the photoperiod. Although the ratio was kept at one to one, diapause was induced in half or more of the larvae only in a comparatively narrow range of "day" lengths, namely, 20 to 26 hours. The absolute lengths of the periods of light and of darkness are both of importance. As is shown in Table X , the use of 15 hours of light per "day" tends to prevent diapause, but by reducing the dark period from 15 hours to
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11 or 12 hours, it is possible to induce some diapause. The same table shows the results of experiments using 12-hour periods of light or of darkness. It is apparent that neither, by itself, is able to induce diapause; each must be combined with the appropriate period of light or darkness, as the case may be. Table X also gives the results of experiments using 9-hour periods of light or of darkness. It will be noted that whenever a period of darkness of only 9 hours was used, little or no diapause was induced. Apparently, diapause is induced only if a period ""Temperature, during larval feeding period and prepupal period, 24°C; illumination, 26 f. c.
of at least 11 hours of darkness per "day" is used. The only exception to this is the experiment using 10 hours light and 10 hours darkness (Table IX) .
A series of experiments was conducted using 11 hours of darkness per "day" with various periods of illumination. Results (Table XI) show that as the number of hours of light per day is increased to more than 13 the proportion of diapause is progressively decreased.
From the results shown in Tables IX to XI, it is apparent that for the induction of an appreciable percentage of diapause, the larvae must [Vol. X L I I , be exposed during the feeding period to not less than 10 (usually 11) not more than 15 hours of darkness per day, and to not less than 8 nor more than 15 hours of light per day. The results of all experiments on photoperiod during the larval feeding period, at 24° C , are presented in figure 3 . This figure shows the rather sharp dividing line at about 11 hours of darkness per day; it also shows that practically complete diapause is induced only under a rather narrow range of conditions. These data indicate that diapause in the oriental fruit moth larva is induced by a hormone or hormone-like substance that is produced by the larva during the larval feeding period. They further indicate that this hormone is produced by a two-phase reaction, which requires T A B L E X I darkness for one phase and light for the other, as does photosynthesis. The darkness-induced phase is extremely sensitive to the length of the period of darkness and does not reach its effective point unless there are at least 11 hours of darkness per "day."
EFFECT OF 11 H O U R S D A R K N E S S AND V A R I O U S P E R I O D S OF L I G H T PER " D A Y , " DURING L A R V A L F E E D I N G P E R I O D , ON THE PERCENTAGE OF ORIENTAL F R U I T M O T H L A R V A E E N T E R I N G D I A P A U S E * H O U R S PER
It is apparent that in the field in the late summer the onset of diapause is caused both by the decrease in the hours of light and by the corresponding increase in the hours of darkness, but that the rather rapid increase in percentage of diapause is caused mainly by the fact that the number of hours of darkness passes the critical minimum point for the induction of diapause at this time.
Interruption of the Photoperiod.-In the experiments reported so far, the periods of light and of darkness used were uninterrupted. Two show a mistake: by reducing the main period of darkness to 10 hours, the induction of diapause was prevented. It was therefore necessary to repeat this experiment with the period of darkness increased to 11 hours. When this was done, it was shown that the effect of inter rupting the period of light by 2 hours was to reduce the larval diapause by about one-third.
Results of the experiments on the interruption of the period of darkness (Table XIII) T e m p e r a t u r e during larval feeding period and prepupal period, 2 4°C ; illumination, 26 f. c. •Temperature during larval feeding period and prepupal period, 2 4°C ; illumination, 26 f. c. the period of illumination, except that the effect was slightly more pronounced. Oriental fruit moth larvae are much less sensitive to interruption of the dark period than are certain plants. Parker et al. (1946) showed that in soybean and cocklebur the production of the flower primordia could be prevented by interrupting the period of darkness by only a few seconds at the proper illumination. With larvae of the oriental fruit moth, an interruption of two hours was required to reduce the incidence of diapause by one half. It should be remembered in reading Tables X I V and X V that larvae grown at 12° and 30° C. did not exhibit true diapause even when grown under a photoperiod that induced diapause at medium temperatures. No differences are shown between the larvae held at 30° C. and those held at 24° C. When held at 12° C. during the prepupal period, pupation was greatly delayed, but about the same pupation pattern was shown as with insects held at 24° C. during the prepupal period, except for a few held at 21° C. Certain other larvae were held at 12° and 30° C. during the prepupal period in order to determine the effect of high and low temperatures at this stage of the life cycle. Results are shown in Tables X I V at higher temperatures, so that pupation was apparently complete after about 30 days. If these larvae were then moved to 24° C, many of those that had not pupated at the lower temperature did so in the course of the next week. This showed that many of the larvae that did not pupate in the expected time at 12° C. were not actually in diapause but only temporarily arrested in development.
T A B L E X I I I EFFECT OF INTERRUPTING THE P E R I O D OF D A R K N E S S E A C H D A Y DURING THE L A R V A L FEEDING P E R I O D ON THE PERCENTAGE OF ORIENTAL F R U I T M O T H E N T E R I N G D I A P A U S E * H O U R S PER
D A Y Light Darkness Light Darkness T O T A L L A R V A E L A R V A E E N T E R I N G D I A P A U S
T A B L E X I V EFFECT OF V A R I O U S T E M P E R A T U R E S DURING THE PREPUPAL P E R I O D ON THE PERCENTAGE OF ORIENTAL F R U I T M O T H L A R V A E E N T E R I N G
D I A P A U S E O R QUIESCENCE PHOTOPERIOD D U R I N G L A R V A L F E E D I N G * T E M P E R A - TURE D U R I N G PREPUPAL P E R I O D , D E G R E E S C. T O T A L L A R V A E L A R V A E E N T E R I N G D I A P A U S E OR QUIESCENCE Hours Light Per D a y Hours Darkness Per D a y T E M P E R A - TURE D U R I N G PREPUPAL P E R I O D , D E G R E E S C. T O T A L L A R V A
EFFECT OF V A R I O U S T E M P E R A T U R E S DURING THE PREPUPAL P E R I O D ON THE PERCENTAGE OF ORIENTAL F R U I T M O T H L A R V A E E N T E R I N G D I A P A U S E OR QUIESCENCE. T E M P E R
It is well known that the full-fed larvae of the oriental fruit moth may be stored for several months at 1° C. without pupation. The effect of holding the larvae at 12° C. was similar. Some of the larvae pupated, but the others were quiescent. This state of quiescence, due to cold, resembles diapause, except that it is nonpersistent and development is resumed as soon as the insects are warmed; whereas diapause, once started, must run its course.
As is shown in Table XIV , those larvae which had been fed at 12° C. were quite prone to remain quiescent when held at the same temperature during the prepupal period. They showed a sensitivity to cold in the matter of the induction of quiescence when compared with larvae grown at higher temperatures. It may be that this result was obtained because larvae grown at 12° C. had not begun the first part of the changes leading to pupation before emergence, as may have been the case with larvae grown at higher temperatures. Larvae completing development in the field during the winter may delay their emergence until spring because of this sensitivity to the induction of quiescence by cold, even though they did not enter a state of true diapause. Cousin (1932) recorded a similar effect in Lucilia sericata, and stated that those larvae which were grown at low temperatures were more readily stored at low temperatures.
Effect of Humidity During the Prepupal Period.-Mainly because Cousin (1932) reported that Lucilia larvae stored in either saturated or desiccated air failed to pupate, an experiment was conducted to test this on oriental fruit moth larvae. A batch of larvae grown at 30° C, with a 12-hour photoperiod, was divided into three lots. One lot was held at 50 per cent relative humidity; the second lot was placed in a tight jar over anhydrous calcium chloride, which reduced the relative humidity to practically zero per cent; and the third lot was placed in another tight jar over wet sand, which saturated the air. As shown in Table XVI , there were no differences between the lots. No diapause or arrest of development was induced.
Miscellaneous Observations.-It was noticed early in the work that in any experiment in which only a part of the larvae entered diapause, those larvae which emerged from the fruit early were less likely to enter diapause than those which emerged later. An example of this is shown in Table XVII . Apparently, those larvae which will enter diapause feed a little longer, on the average, than those which will not.
Larvae grown under conditions that induce very little diapause pupate promptly, the pupation occurring over a comparatively short period. With larvae grown under conditions that induce considerable diapause, however, the pupation period is protracted, stragglers pupating over a rather extended period. This suggests that there is a balance within the insect, and that under these conditions certain individuals are "on the fence," the factors pushing them toward immediate pupation just about equaling the factors pushing them toward diapause.
The duration of the period that oriental fruit moth larvae remain in diapause, once they have entered, is determined by the temperature at which they are held. The higher the temperature, the shorter the period of inactivity. At 26° C. they emerge from diapause in about two months. Exposure to low temperature appears to have no tendency to break the diapause, its only effect being to prolong the period that the larvae remain in that state.
Discussion.-Length of day plays the dominant role in determining which individuals of the oriental fruit moth will enter diapause. It is possible to grow this species indefinitely without the intervention of diapause by using a photoperiod either too long or too short to induce it. The potentiality of dispause always remains, however, since diapause
1949]
Dickson: Diapause in Oriental Fruit Moth 533 occurs when any larvae are exposed to the proper conditions during the larval feeding period.
The induction of diapause appears to be caused by a hormone produced during the larval feeding period in response to the proper photoperiod at medium temperatures. This hormone apparently is produced by a two-phase reaction, one phase of which goes on in the dark, and the other in the light. The darkness-induced phase of the reaction must continue for about 11 hours each day before it is sufficiently complete to allow the production of the hormone; and, similarly, the light-induced phase of the reaction must continue for about 7 hours. There is also a maximum limit for each phase of the reaction, that for the darkness-induced phase being about 16 hours and that for the lightinduced phase being between 16 and 18 hours.
It seems probable that this diapause-inducing factor acts only to induce diapause, not to control it after its induction. Once diapause has been started, it must run its course, and the amount of the hormone which caused its onset does not appear to affect its normal course.
The question has been raised whether the effect of the photoperiod on the larvae may not be secondary, that is, caused by a hormone produced in the fruit and taken up by the larvae in feeding, rather than by a hormone produced in the larvae. It has not been possible to grow either the oriental fruit moth or the codling moth on any nonliving medium, which would have settled this point. Three considerations point to the primary nature of the effect: (1) The fruit is not opaque; light passes through it reasonably well and so reaches the insect feeding inside. (2) So far as is known, the production of photoperiodically induced hormones in plants is in the leaves, and all experiments reported here were with excised fruits. (3) Plant hormones are ordinarily rather persistent, but results obtained in this work showed no influence from the photoperiod to which the fruits had been exposed before their infestation.
The codling moth
The codling moth, Carpocapsa pomonella (L.), is closely related to the oriental fruit moth and is similar to it in life history and habits. Individuals of this species also enter diapause in the late summer or fall and pass the winter as full-fed larvae. The main difference between the codling moth and the oriental fruit moth in regard to diapause is that the codling moth produces hibernants in appreciable numbers during the summer.
Only enough experiments were conducted to show that the same principles hold for the codling moth as for the oriental fruit moth. Table XVIII shows the effect of the photoperiod on the percentage of codling moth larvae entering diapause. By comparing this table with  Table II , it may be seen that the results are similar, the difference being that at 14 hours light and 10 hours darkness per day a considerably larger percentage of the codling moth larvae entered diapause. The two species react the same to 15 hours light per day.
Experiments were also conducted to determine the effect of growing the codling moth larvae at 12° and 30° C. Results were similar to those obtained with the oriental fruit moth, except that at 12 hours light per day and 30° C. about three-fourths of the codling moth larvae entered diapause. It appears that either a higher temperature or a longer photoperiod is required to prevent diapause in the codling moth than in the oriental fruit moth.
The greenbottle fly
A great deal of work on diapause has been done with the greenbottle fly, Lucilia sericata Meig. It was decided to investigate this species, incidentally, partly as a check on the earlier work by Robaud (1922) and Cousin (1932) , and partly in hope that the species would react to length of photoperiod and thus give us a species in which the photoperiodic effect could be shown to be definitely primary. Results obtained showed that, although there is a considerable amount of true diapause in this species, the photoperiod has no effect. The percentage of larvae entering diapause was greatly increased by the use of low temperatures during the larval feeding period. Low temperatures during the prepupal period did not induce diapause, but only arrested development temporarily. Cousin (1932) reported that the pupation of full-fed Lucilia larvae was prevented by holding them in closed containers at either 100 per cent or zero per cent relative humidity. These larvae died after a few days. We repeated this work with the addition of an experiment in which saturated fresh air was circulated through a container. The results obtained in the closed containers were similar to those reported by Cousin, but the larvae held at 100 per cent relative humidity with air circulation pupated normally. The prevention of pupation in the closed containers was apparently caused by the foulness of the confined air, which poisoned the larvae.
The vegetable weevil
The vegetable weevil, Listroderes obliquus Klug, has only one generation per year. Adults pass the summer in diapause, hiding under trash on the ground, and do not develop eggs until fall. The
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Dickson: Diapause in Oriental Fruit Moth 535 larvae feed through the winter, pupate, and emerge as adults in the spring. An experiment was conducted to determine whether or not the length of the photoperiod affected entrance into diapause in this species. Larvae were grown under conditions of 9, 15, and 24 hours light per day. In all cases all the adults entered diapause, the length of the photoperiod having no effect on the induction of diapause. Apparently, the vegetable weevil enters diapause each generation, regardless of the conditions under which it is raised and held. Attempts were made to break the diapause in the adults by changing the photoperiod and by soaking them in water. Neither method was successful.
SUMMARY
Diapause is a physiological state of arrested development which enables an organism to survive more easily a period of unfavorable conditions.
It is possible to divide the insect species which enter diapause into the following groups:
1. Species which enter diapause each generation. It may be that any conditions which allow these insects to live and develop induce diapause.
2. Species which enter diapause only in response to certain stimuli. There may be several generations between periods of diapause, or, under the proper conditions, diapause may appear in each generation. Diapause may be induced by any factor in the environment or by any combination of factors. The factors most commonly involved are: (a) temperature, either high, medium, or low; (b) moisture, either atmospheric or in the food; (c) food, through its quantity, quality, or moisture content; and (d) photoperiod.
All these behavior patterns are inherited, and there are a few species in which some strains differ from others in their behavior patterns or in their sensitivity to environmental stimuli.
The induction of diapause in the oriental fruit moth is controlled by temperature and daily exposure to light during the larval feeding period. Larvae grown in the absence of light do not enter diapause. As the period of light per day is increased to more than 3 hours, the percentage of diapause increases, reaching 100 per cent with about 12 hours of light per day. As the photoperiod is increased to more than 13 hours per day, the percentage of diapause drops suddenly to practically zero, and remains at or near this point during further increases in light.
The photoperiodic effect on the induction of diapause in the oriental fruit moth is apparently caused by a hormone which is produced by a two-phase reaction during the larval feeding period. The light-induced phase requires not less than 7 nor more than 15 hours per day, and the darkness-induced phase requires not less than 11 nor more than 16 hours per day, to bring the reaction to a successful conclusion.
Diapause is induced only at medium temperatures. Either high or low temperatures during larval feeding prevent its occurrence.
The codling moth, Carpocapsa pomonella (L.), enters diapause under the same conditions as does the oriental fruit moth, except that it requires a slightly higher temperature or a slightly longer photoperiod to prevent diapause.
The greenbottle fly, Lucilia sericata Meig., enters diapause in response to low temperatures during the larval feeding period. The photoperiod has no effect.
The vegetable weevil, Listroderes obliquus Klug, has only one generation each year and apparently enters diapause in each generation.
